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Abstract
The area from north of the San Mateo Bridge to Hayward Landing in the city of Hayward
is at risk of flooding due to thirty-six inch sea level rise in the next 50-100 years. The areas that
the this flooding would have a negative environmental impact as well as impact businesses and
other residents near the project area. To protect these areas new shoreline protection was
proposed. To begin designing new shore protection, the existing levee was analyzed on
GeoSlope after doing numerous soil testing. It was found that the existing levee would fail
against overtopping. After evaluating three alternatives, designing a horizontal levee was found
to be the most efficient solution because it is sustainable, able to preserve most of the project
area’s natural features, and is within reasonable costs. The new horizontal levee is sufficient
enough to protect against all possible failure modes after a thirty-six inch sea level rise.
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Introduction
The area from the Hayward-San Mateo Bridge to Hayward Landing is at risk of a
potential 36-inch sea level rise over the next 100 years as well as a 100-year storm event. This 36
inch value is the up-to-date projection provided by the National Research Council, predicted to
happen by 2067. Other values included sea level rise predictions between 24 inches and 48
inches. This very serious threat could prove to be catastrophic not only to the Hayward shoreline,
but to other shorelines throughout the San Francisco Bay Area. This could cause residents,
businesses, and wildlife to have to relocate and move to a new area. Our project area specifically
focuses on the impact to wildlife, vegetation, and businesses due to flooding from sea level rise.
Figure 1 below shows a screenshot from Google Earth that has the project area outlined in red.

Figure 1. Project area outlined in red. The screenshot is taken from Google Earth.
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The project area consists of 1.91 miles of shoreline, currently protected by a levee that is
not continuous. Two breaks occur in the levee to allow the inflow and outflow of the tides to
support the tidal marshes that exist. To get a sense of location for the project area, it is located
north of the CA 92 Bridge approach, on the Hayward side. Inside the project area there are
several important site features that would be at risk of flooding due to levee failure, including a
portion of the Bay Trail that is used by thousands of residents for recreational purposes. There
are several key site features within the project area, shown in the following figures, to take into
account when it comes to designing flood protection.

Figure 2. Location of oxidation ponds belonging to the Hayward Wastewater Treatment Plant.

The 240 acres of oxidation ponds within the area must be considered (Figure 2). These
oxidation ponds belong to the Hayward Wastewater Treatment Plant, which is located adjacent
to the project area. Although these oxidation ponds are not currently in use and do not play a role
in water treatment, it is there in case it is needed for emergency storage for sanitary sewage
overflow or the overflow of untreated wastewater.
2

Figure 3. Location of salt ponds protected by the South Bay Salt Pond Restoration Project.

The next key feature is the salt ponds which are located in the southwest corner of the
project area (Figure 3). These salt ponds are included in a separate project called the South Bay
Salt Pond Restoration Project, which restores the tidal wetlands in the west coast. These salt
ponds provide habitats for local ecosystems and wildlife, provides flood management, and has
industrial uses.
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Figure 4. The area where the tidal marshes reside within the project area.

Another important key feature that is important to the Hayward Regional Shoreline is
1,811 acre of marshland, which includes fresh, salt, and brackish marshes that make up the bulk
of the project area. This area, shown in Figure 4 above, is home to many local ecosystems,
habitats, and wildlife. One wildlife species that takes refuge in these marshes is the salt marsh
harvest mouse which is an endangered species.
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Figure 5. Location of the retired landfill on the northwestern side of the project.

The last important key feature is a landfill located on the northwestern side of the project
area. This landfill is of concern because the bottom lining is not engineered and is only capped
with soil. However, further research indicated that the landfill is surrounded by clay, so there is
little to no permeability of the sides and bottom of the landfill.
Research was done on finding the most accurate predicted sea level rise. The State of
California Ocean Protection Council Science Advisory Team started looking at the future and
whether or not areas were at risk of sea level rise. They took the scientist predictions of the
increase of global warming, which would increase the frequency of major storms. The storms
will then create waves in the oceans, especially in the San Francisco area. These predictions
would result in a change in wave height. Sometimes predictions of sea level rise stem from linear
extrapolation of historic sea level, but this was not the case for this project. The problem with
linear extrapolation of historic sea level is that if the estimates are for times beyond two decades
the predictions will be underestimated. Six inundation scenarios were run by the California
5

Ocean Protection Council that evaluated the sea level rise. The scenarios were broken down
between 16 inch and 55 inch sea level rise. The results found that the most accurate sea level rise
prediction is 36 inches. There were old inundation maps that were created by Knowles, but these
maps did not include the depth of inundation. These new maps that were developed from the
analysis of the climate change and sea level rise do take into account of the depth of the
inundation. This flooding due to a 36” sea level rise could cause water contamination as well as
destroy all of these features that exist within and around this project area.
Our goal is to design a levee to prevent flooding and to save the residents from needing to
relocate. Many factors play a role in designing this levee. When designing the levee, oxidation
ponds, salt ponds, and the marshlands will have to be taken into account by deciding to build
around them or to destroy them and look to replace them. Also, there is a trail on top of the
existing levee that the residents use often and it is quite possible that the levee will be
constructed in a way that the trail will need to be relocated or altered in some way.

Figure 6. Location of existing levee in the project area.
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Existing Levee Conditions
The first step of the project is to analyze the existing levee to justify the need for a new
solution. The software program GeoSlope was selected to serve as the basis for computer
simulation due to its availability and the ability to use the free Student Edition. Slope stability of
the existing levee would be measured and the factor of safety of the existing levee would be
calculated. Before this analysis, a background literature search, field reconnaissance, and
laboratory testing were done to identify the criteria needed to input into the GeoSlope software.

Background Literature Search
A background literature search was conducted to obtain as much information as available
about the project site and the existing conditions. From this, we were able to obtain an as-built
construction drawing of the existing levee, shown in Figure 2. The drawing was in the records of
the East Bay Regional Parks District. This drawing was the only information specific to the levee
found during a literature review. The construction drawing revealed that the material used to
construct the levee came on-site, rather than being brought in from an external location.
Following this, geologic mapping research was performed. The United States Geologic Survey
(USGS) map of the San Francisco Bay Area by Wentworth revealed the site conditions. This
map showed the project area to be Qhym, or late Holocene Mud deposits. Based on this, clay
material was anticipated during soil collection operations. Unfortunately there were no borings
or soil profiles of the project area. Further research revealed that a nearby shoreline levee had
been analyzed by a private company. This report can be found in Appendix F, and this
information was used to help define the subsurface conditions.
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Figure 7. Existing levee construction detail.

Field Reconnaissance
Following the background literature search, several site visits were performed. During
these field visits, we walked the length of the levee and recorded the dimensions at several
locations to find the average levee geometry. During these site visits, it was noted that large
riprap was placed on the bay-side of the levee, most likely to minimize erosion of the levee from
wave energy and the rising and lowering of tides. The riprap measured to an average size of
approximately thirty inches. The levee appeared to be consistent in geometry for the length of the
project area and was consistent with the levee construction drawings obtained during the
background literature search. The surface of the levee was compacted gravels and there was wild
grasses growing on the sides of the levee. These grasses had roots only a couple of inches deep.
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Figure 8. Picture taken during site visit of project area.

Soil Collection
Following the first field visit, another one was coordinated with a park ranger of the East
Bay Regional Park District to obtain soil samples. The park ranger led the way along the levee
driving on the maintenance road stopping at points where samples could be taken. Permitting and
financial limitations restricted the sampling to be done to hand driving two Shelby tubes to the
depth of thirty inches. The way in which the tube was inserted likely disturbed the sample
beyond a reasonable amount. A total of two samples were taken. The samples were taken along
the sloped sides of the levee so the best sample could be collected. Following collection, the
Shelby tubes were capped to preserve the moisture content, then carefully transported back to the
soil laboratory at Santa Clara University.
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Figure 9. Measured geometry of the existing levee during site visit.

The figure above displays the geometry of the existing levee. Notice that on both sides of
the levee there is a 1V:2H slope. The height of the existing levee is 6 feet. On top of the levee
there a 12 foot wide surface that is used as a maintenance road that is used by the East Bay
Regional Park District as well as serving as a portion of the Bay Trail.
After finishing obtaining the samples they were brought back to the geotechnical lab at
Santa Clara University so several tests could be run on them. The first tests that were done on the
existing levee material were a sieve analysis test, a density measurement, and a moisture content
determination. These tests were followed by an Atterberg Limit Test (Appendix C), which was
performed in accordance with ASTM D4318. The liquid limit was found to be 62 and the plastic
limit was 22. The resulting Plasticity Index (PI) value was 40. Therefore, the soil classified as
CH, highly plasticity clay, based on standard classification procedures. Direct Shear testing was
performed on the collected/chosen samples, but due to how the disturbed samples, the results
were considered inaccurate. Because of this an Unconfined Compression Test (Appendix D) was
completed, following the procedures outlined in ASTM D2166. This test resulted in an
unconfined strength (SU) value of approximately 240 psf, which was used to represent the
cohesion value of the soil. The figure on the following page shows a picture of the soil failing in
shear during the unconfined compression test.
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Figure 10. Unconfined Compression Test in progress on sample taken from existing levee.

After obtaining the soil properties from the lab tests a model needed to be generated in
the computer software program called GeoSlope to analysis the slope stability of the existing
levee. While building this model there were four key assumptions that needed to be made. The
first was that the geometry of the existing levee was constant throughout the entire levee.
Another assumption that was made was that the levee material was a homogenous material. The
third assumption that was made while building the model in GeoSlope was that the levee
material was a saturated undrained loading material. The last assumption that was made was that
the freeboard, or height difference between the top of the levee and the sea level, at worst case
scenario is one foot. Using this information to model the geometry and material values, soil
parameters were input using results from our soil testing in the laboratory as well as research on
the subsurface soil conditions. These subsurface soil conditions came from a nearby levee
analysis report by ENGEO that had similar soil conditions and contained results of testing
performed on these soils. These values, seen in Appendix F, were used to define the subsurface
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conditions of this stretch of levee. The following table indicates the soil parameters used in this
analysis.
Table 1. Soil parameters used for analysis of existing levee.

Material

Total Unit Weight (pcf)

Phi (degrees)

Cohesion (psf)

Levee Fill

90

0

240

Bay Mud

95

0

500

Alluvium

110

0

1000

The phi angle for all three materials is zero because a saturated, undrained loading
condition was assumed. The values for the unit weight and cohesion of the Bay Mud and
Alluvium material were taken from the nearby soils report performed by ENGEO, mentioned
above. The final step in establishing the GeoSlope model is to define the water level. Since the
water pressure resists slope failure on the bay side of the levee, the slope stability analysis is
performed on the dry side of the levee. The analysis type selected is the Morgenstern-Price
method because it was what our design team had knowledge of and past experience with similar
approaches. The Morgenstern-Price method uses slices of soil on the basis of equilibrium of
forces within each soil slice. This method has been shown to be more accurate than the Bishop
method, which uses the same approach but is less intricate. To confirm accurate results and
verify the accuracy of the software, an analysis using the Bishop method was also used.
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Figure 11. GeoSlope slope stability analysis of the existing levee showing a Factor of Safety of 1.772.

The figure above shows the results of the slope stability analysis. The simulated model in
GeoSlope has all three of the soil materials present. The yellow represents the levee material, the
orange is the bay mud and the grey is the alluvium material. The lines that are passing through
the three materials are seepage lines. The area that is show in green represents the probable slope
stability failure area. The GeoSlope analysis resulted in a factor of safety of 1.772, which is
indeed higher than the minimum value of a 1.5 value recommended in typical levee design
guides. While this is satisfactory, there were several factors that reduced our confidence in the
slope stability of the existing levee. This included assumptions made about the homogenous
profile of the levee and the lack of any structural flaws such as large roots or holes that could be
present in several sections of levee. These factors point out that the current levee may not be
satisfactory against slope stability. Though the calculated factor of safety is higher than the
minimum value, it is important to note that the calculated value is just barely above the minimum
value. It is also key to note that this analysis did not consider the overtopping of the existing
levee. However, during research of the area, a report was found though that did address the
possible failure of overtopping for this levee. A levee overtopping analysis performed by
AECOM (Appendix G) in July of 2014 revealed that a predicted thirty-six inch sea level rise
would result in overtopping of levees into the project area by an amount between three and six
feet. This report clearly indicates a need for action to plan for the future or else serious damage
could occur.
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Design Criteria and Standards
The design criteria for the new levee will come from the U.S. Army Corps of Engineers
Design and Construction of Levees (Appendix A) and the Urban Levee Design Criteria
(Appendix B). These standards define the acceptable geometry and seepage conditions necessary
for a levee.
The U.S. Army Corps of Engineers Design and Construction of Levees manual describes
the procedure to design a levee. After conducting a geologic study, collecting soil samples, and
describing subsurface conditions and soil properties, the rough geometry is defined. This
geometry is defined to prevent the four main causes of levee failures: overtopping, surface
erosion, internal erosion (piping), and slides within the embankment. Because the horizontal
levee contains a core which is similar to a traditional levee, the basic design geometry was based
upon a traditional levee. The list below from the U.S. Army Corps of Engineers Design and
Construction of Levees indicates the major design guidelines for the geometry of a levee.

Figure 12. US Army Corps of Engineers general guides for levee slopes.

Some other basic geometric standards are a maximum settled levee height of 6 feet and a
minimum top width of 5 feet. The floodwater slope is generally 1:2.5 to minimize erosion while
the land side slope depends on the type of material used. For a clay foundation, a land side slope
of 1:3 may be used. For freeboard, or length between the top of the levee to the surface of flood
water, a minimum of 1 foot must be used to allow for protection against overtopping and to
account for wave and wind power. This freeboard value is what was used to guide our design
from protection against overtopping.
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Seepage is another concern that is addressed in the design guidelines we used. The
seepage control measures and analysis were mentioned in the Urban Levee Design Criteria.
Seepage concerns are determined by calculating the exit gradient at the toe of the levee. A value
of less than 0.5 provides adequate protection against seepage failure. If the exit gradient is too
high, remediation methods such as a toe drain or cutoff wall can be implemented into the levee
design.

Design Alternatives
Remediation of Existing Levee
A considered alternative is the remediation of the existing flood protection system. After
careful consideration, this is not a realistic alternative because the levee is not continuous across
the shoreline so there are areas that are completely open to the bay. These portions of the
shoreline allows for tidal marshes to exist. These marshes rely on the incoming and outgoing
tides that supply water only part of the day rather than being completely submersed. However,
with the predicted thirty-six inch sea level rise, these areas will be the most prone to inundation,
which will cause the marshes, salt ponds, oxidation ponds bay trail and all other parts of the
project area to be submerged anywhere between zero to six feet as shown in the AECOM
analysis in Figure 13.
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Figure 13. AECOM overtopping analysis showing that the project area would be flooded.

This overtopping would require significant modifications to the levee, which was nonengineered. This poses risks of failure due to excessive loading. There is also little data of the
existing levee because it is non-engineered. Since many of the existing levee’s soil conditions are
unknown further soil testing will be necessary before remediation can begin. Since the
remediation of the existing levee will require specific soil properties, much reworking of the soil
will be necessary which will be costly. Unknown costs and the risk of further necessary work is
faced because of unforeseen conditions.

Traditional Levee
The first alternative in consideration is the construction of a traditional levee made of
compacted earth. The levee would have typical 3:1 slopes and would be aligned parallel to Depot
Road in Hayward. The traditional levee is expected to protect the Hayward Wastewater
Treatment Plant, local commercial and industrial buildings, and utility infrastructure systems
16

such as pipeline systems especially those that are under the East Bay Dischargers Authority
Pipeline (EBDA). EBDA will probably have to update the wastewater pipelines to allow for
maintenance of the new levee. The existing Bay Trail, a trail used by about 80,000 people per
year, will need to be relocated to run on top of the new levee. However, since the footprint of the
traditional levee is relatively smaller, it should not be intrusive to any other nearby buildings or
businesses. Since the constructing a traditional levee is a familiar approach, the designs are well
documented and there are many guides and resources on how to effectively design one. The cost
of constructing a traditional levee would be approximately $12.5 million per mile over 50 years.

Figure 14. Proposed location of traditional levee alternative compared with the existing levee.

The disadvantages of implementing a traditional levee include the following. First the
Hayward Shoreline Interpretive Center will be lost, which educates 9,000 students and other
visitors a year. Secondly, any marshes and ponds north of the San Mateo Bridge will be
eliminated because the alignment and construction of a traditional design will run directly
through the marshes. In addition, 240 acres of oxidation ponds that are a part of the Hayward
Wastewater Treatment Plant are also in this area and will also be destroyed. These oxidation
17

ponds are not currently in use, but they can still be used as emergency storage to avoid sanitary
sewer overflow or the discharge of untreated wastewater.

Horizontal Levee
The horizontal levee is a new and innovative design that is sustainable. This alternative
provides the same protection benefits as the traditional levee, but also includes restoring the
marshlands instead of letting them be permanently destroyed. This is because the marshes are
incorporated in the horizontal levee design. The marshes include the brackish marshes, tidal
marshes, and the tidal mudflat which leads into the shallow bay as show in Figure 15 below.

Figure 15. The general layout of a horizontal levee.

The core of the horizontal levee contains a traditional levee. The landward slope is the same as
slope of the traditional levee which is about 1:2 or 1:3. Then the seaward slope is much longer
which can be between 1:100 to 1:1000. This long slope is where the marshes would be placed.
This, in combination with the construction of dikes, is what characterizes the horizontal levee.
The tidal marshes play a significant role in the implementation of this levee because they can
reduce wave energy by over 50% by absorbing that energy during storm surges. Preserving the
marshes also allows the wildlife that live in these habitats to continue to flourish instead of perish
with the construction of a traditional levee or drown out with the rising tides.
18

The material that would be used for the marsh would either be remaining material from
the existing levee or dredged sediment from flood control channels nearby that would normally
be disposed of, which also makes this option more sustainable. Horizontal levees are also more
sustainable because they can naturally adapt and keep up with the rising tides because they are
self-maintaining, therefore the maintenance costs would be low. The bay trail will also be
constructed on top of the levee with natural marsh habitats neighboring it, and the Hayward
Shoreline Interpretive Center will be relocated. Based on these unique characteristics, the
construction cost alone of the horizontal levee is about half as much as a traditional levee.

Figure 16. Proposed horizontal levee location. The width of the proposed levee is illustrated.

Although the horizontal levee is less costly and more sustainable, it still has some major
disadvantages. The horizontal levee has a very large land foot print due to its large and shallow
slope. Although, its alignment does not intrude greatly on nearby buildings and facilities, it does
have other requirements. First, the Hayward Wastewater Treatment Plant would have to relocate
their solar panels. Secondly, East Bay Regional Park District, EBDA, would have to carefully
coordinate any upgrades to their pipeline systems. Additionally, coordination around the
19

construction of the horizontal levee is extremely complicated because it requires collaboration
from the City of Hayward, EBDA, and the Alameda County Flood Control and Water
Conservation District. Also, the bridge approach for the San Mateo Bridge would need to be
elevated in order to connect to the planned horizontal levee in Eden Landing. A horizontal levee
is a great option, but it has a time factor involved when constructing it. Time is needed in order
for a marsh to be established on the slope of the levee. In order for the construction of the levee
to keep up with the rising of tides the construction of the levee needs to start within the next few
years. The implementation of a horizontal levee will destroy the current marshlands, but the
levee will have the marsh be relocated on the slope. Overall, the horizontal levee is time
consuming to relocate the marshes and will require immediate construction for it to be effective
against rising tides, and costs will add up due to acquiring the levee right of way from the
Hayward Wastewater Treatment Plant.

Description of Proposed Solution
To determine which alternative was the best option, the initial cost, space utilization,
maintenance costs, lifespan, aesthetics and environmental impact were rated from low to high for
each alternative.
The traditional levee was given an overall rank of “satisfactory”. The initial cost for the
traditional levee was ranked high. According to FEMA’s “General Estimates of the Unit Costs,”
the traditional levee’s initial cost would be almost $200,000 given that the new alignment is
about 2.1 miles long. The space utilization is ranked medium because the alignment of this levee
is not intrusive to any nearby facilities or other buildings. Its land footprint is also relatively
small given the side slopes would be between 1:2 to 1:2.5 given a height of six feet. The
maintenance cost is ranked high. California Riparian Systems: Ecology, Conservation, and
Productive Management measures maintenance costs by hours of labor spent. Much of the
expenses and hours of labor revolve around removing vegetation. In total, about 94,000 hours of
labor would be required for maintenance per year as shown in following figure.
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Figure 17. Estimates of unit and maintenance costs for typical barrier projects.

The lifespan of the traditional levee ranked medium. Although the typical lifespan of the levee
should last for at least 50-100 years against a predicted thirty-six inch sea level rise, there is still
a chance for a fifty-five inch sea level rise to occur. Also the lifespan of the traditional levee
design does not include the effects from a 100-year storm event. The aesthetics is ranked
medium because the traditional levee does have a function other than flood protection, which is
for the Bay Trail. However, there is less of a natural appearance because the traditional levee
required the removal of vegetation around it rather than to let it grow naturally. Lastly, the
environmental impact is ranked medium because this design can still protect the project area
from inundation, but it does nothing to preserve the natural features such as the marshes and the
salt ponds due to its alignment. The alignment runs through these features which will be
detrimental to the environment since it will no longer be habitable for the wildlife in this area.
The horizontal levee was given an overall rank of “exceptional”. The initial cost of the
horizontal levee is ranked high. This is because the core of the horizontal levee is a traditional
levee, so the high initial cost of the traditional levee is still implied. The horizontal levee will
also require some additional work because it will require more soil for its long slope. Also
because the alignment of the horizontal levee is pushed landward, there will also be more cost in
moving the soil from the existing levee. The space utilization is ranked high because the land
footprint of the horizontal levee very large due to the slope. To accommodate for the slope, the
levee must be pushed back, and most of the in front of it (seaward) will be used for the marshes.
However, its alignment is not intrusive to any nearby facilities. The maintenance cost is ranked
21

low because the marshes that will be placed on the horizontal levee’s slope will take care of the
maintenance. The marshes are adaptable to the rising tides and are self-maintaining because over
time, the marshes will gradually move up the slope themselves. In turn, the marshes will
maintain the levee’s slope overtime. Since the vegetation on the slope is actually utilized, there is
no need to remove the vegetation which is typical for a traditional levee. The lifespan of the
horizontal levee is ranked high due to its self-maintenance. If it is found that the height will not
be sufficient for the sea level rise over, the extension of the levee will be required. However, the
marshes will still be able to maintain the extended slope because they will move themselves over
time.
Lastly the remediation of the existing levee is ranked “unsatisfactory”. Both the initial
costs and the maintenance costs are ranked medium to high do to the fact that many of the soil
properties of the existing levee is unknown and undocumented. Additional soil testing will be
necessary before design and construction which adds to the initial costs aside from having to
rework the soil. It is anticipated that there will be numerous unforeseen conditions during
construction and in the future so the maintenance costs will generally also be increased. The
space utilization is ranked low because the remediation will just keep the levee in its current
location which is not intrusive to areas outside of the project site. It’s lifespan is ranked low
because the strength of the soil is not anticipated to be sufficient against the thirty-six inch sea
level rise. Overtopping is also anticipated even after its remediation because the existing levee
will not be tall enough. The aesthetics is ranked low because the remediation does not do much
to improve the area or make it more functional that it already is. Also since overtopping is
expected the Bay Trail will eventually be put out of use which lowers its aesthetic functionality.
Lastly, its environmental impact is ranked high. The existing levee is currently discontinuous and
its remediation does not include connecting the levees. This leaves areas that are open to
inundation which will because most of the environmental features to be covered by at most six
feet of water. Because the remediation of the existing levee was unsatisfactory, this alternative
was completely ruled out.
After analyzing all options for the Hayward shoreline, the most appealing option is the
horizontal levee.
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Table 2. Comparison matrix for three alternatives.

Traditional

Horizontal

Remediation of Existing

Levee

Levee

Levee

Initial Cost

High

High

Medium-High

Space Utilization

Medium

High

Low

Maintenance Costs

High

Low

Medium-High

Lifespan

Medium

High

Low

Aesthetics

Medium

High

Low

Environmental

Medium

Low

Low

Impact

Detailed Design of Horizontal Levee
The design criteria is used to determine the geometric characteristics of a levee. This will
include height, slope, material composition, and compaction requirements. Several design
criteria and publications were utilized to formulate the final geometry and soil properties for the
new horizontal levee. The main sources of design input for the new horizontal levee came from
the United States Army Corps of Engineers Levee Design Guide and the Urban Levee Design
Criteria. As part of the design, the assumption was made that the existing levee would serve as
the borrow material for the construction of the new levee.
While designing the horizontal levee, four failure modes were considered. One of the
failure modes that was taken into consideration while designing was overtopping. While looking
at possible flooding overtopping has the biggest potential for failure. Overtopping can happen in
two different ways. The first way it can happen is when the sea level rises above the height of the
levee and causes flooding. Another way overtopping can happen is when the sea level rises close
to the height of the top of the levee and a storm with strong winds come and create waves in the
water, which could push the water up and over the levee and cause flooding that way. The other
three failure modes that were analyzed was slope stability, surface erosion, and seepage through
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the entire levee. There are several different kinds of slope stability failures that can occur for a
levee. Some examples are, shear failure, surface sloughing, excessive deformation, liquefaction,
and piping. These types of failures happen when there is a sliding piece of embankment. This can
happen if the levee is not maintained properly. Surface erosion can happen during high water
when waves are pressed against the levee and begin to erode the levee. Seepage can occur when
the water flows through the permeable material through or under the levee. As the water flows
through the levee it can then rise up to the surface of the levee. Rapid drawdown is another
failure mode however this was not taken into account due to the shallow slope of the horizontal
levee. This will prevent any failure from happening on the side of the water.
From these design guidelines, five failure modes were identified that would be designed
against. These five failure modes were: overtopping, slope stability, surface erosion, seepage
through the entire levee, and slope stability due to rapid drawdown conditions on the bay-side of
the levee. Rapid drawdown slope stability failure was neglected due to the extremely shallow
slope of the bay side of the horizontal levee. While software was not available to model
overtopping of a new design, a minimum freeboard of two feet at the high tide with the predicted
thirty-six inch sea level rise is what was identified as sufficient protection against an overtopping
failure. The two feet freeboard would account for extreme winds or storm events that could
potentially cause overtopping. Looking at elevation data of the project area would ensure proper
elevation is met for the length of the levee. Surface erosion was also neglected due to research
that has found that the marsh soils and vegetation prevent erosion, similar to the rip-rap that had
been placed on the existing levee. The two failure modes that remained to be analyzed are the
slope stability failure and seepage failure. These two failure modes could be modeled in
GeoSlope to ensure a proper design.

Figure 18. Finalized geometry of the new horizontal levee design.
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The design process we chose to follow was to first design the geometry of the levee and
then define the soil properties by performing additional laboratory testing. As mentioned in the
section titled Design Criteria and Standards, the U.S. Army Corps of Engineers Levee Design
Guide specifies suggested geometries for the levee. As seen in the figure above, the soil
identified as Levee Fill forms the core of the horizontal levee and this is the material that would
come from the existing levee. The key geometric features of the core of the final design of the
horizontal levee are:
•

1:100 Slope on the bay side of the levee: this is the minimum recommended slope in the
Levee Design Guide. This was used to minimize soil waste as the marsh material will also
provide stability to this portion of the levee.

•

1:3 Slope on the dry side of the levee: a 1:2 slope was analyzed in GeoSlope and
provided adequate protection against slope stability failure, but a 1:3 slope was selected
to protect those that use the top of the levee as a trail from injuries due to falls. This was a
recommendation from the Levee Design Guide. An alternative for this if soil is limited
would be to design a guardrail and use a 1:2 slope.

•

12 foot top width: this is the same width as the existing levee because this is what was
suggested by the East Bay Regional Parks District as their requirement to use the levee as
a maintenance road with their trucks.

•

6 foot total height: after analyzing the elevations of the project area, the 6 foot height
would provide protection against overtopping. This is the same height as the existing
levee, but since the new levee is set back further landward, the total elevation of the new
levee is such that it prevents overtopping failure.
After developing the soil geometry for the existing levee, soil properties needed to be

defined. On March 16, a Standard Compaction Test (ASTM D698) was run on the soil
collected from the existing levee to identify the maximum dry density. The resulting
maximum achievable dry density was 90.9 pounds per cubic foot at a moisture content value
of nineteen percent. Because of the soil type being a high plasticity clay and the fact that the
soil will be close to saturated during construction, a ninety percent compaction was identified
as the compaction effort to minimize the time and cost required to achieve the specified
compaction. We compacted several samples of soil to approximately 90% compaction and
25

then performed Unconfined Compression Tests (ASTM D2166) in an undrained loading
condition to identify the cohesion value for the new levee fill. This resulted in an averaged
undrained shear strength of 300 pounds per square foot. Compared to the existing levee,
which had a measured undrained shear strength value of 240 pounds per square foot,
providing a 90% compaction resulted in increased soil strength parameters for the engineered
fill. This concluded the design of the engineered fill for the horizontal levee. The
specifications can be seen in the table below.
Table 3. Engineered Fill Compaction Requirements for horizontal levee.

Criteria

Value

Notes

Maximum Dry Density

90.9 pcf

ASTM D698

Moisture at Maximum

19.3%

ASTM D698

16.1%-22.8%

ASTM D698. Measure using nuclear

Dry Density
Acceptable moisture
range

density gauge.

Acceptable minimum

81.8 pcf

ASTM D698

compaction

The marsh soil became the next property to identify its characteristics. Fortunately, an
environmental study was performed on the existing marsh material. The material was similar to
an organic peat. This material does not need to be compacted and simply serves as an incubator
for the marsh plants to grow and the wildlife to thrive. The marsh vegetation itself will migrate
from its original location up the shallow slope over time as the sea level rises. Since the marshes
are protected by the South Bay Salt Pond Restoration Project, samples were not able to be
obtained to determine properties. Therefore, we assumed a material similar to a peat would be
used and then found typical soil property values for a peat soil. The unit weight used was fifty
pounds per cubic foot and the cohesion was one hundred ten pounds per square feet. The phi
angle was assumed to be zero because of the assumption that all properties would experience
undrained loading during failure. When entering the new levee geometry and properties into the
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GeoSlope program, a limitation was encountered. The student edition of this software limits the
program to three soil types: our model required the use of four soil types. To solve this problem,
we used a conservative estimate for the subsurface soil conditions and modeled them as one soil
type, rather than the alluvium and bay mud used in the analysis of the existing levee. The
following table demonstrates the soil properties used in the new GeoSlope model.
Table 4. Soil properties entered into the GeoSlope model of the horizontal levee.

Material

Total Unit Weight (pcf)

Phi (degrees)

Cohesion (psf)

Levee Fill

82

0

300

Marsh Soil

50

0

110

Subsurface Soil

110

0

750

The geometry and soil properties input into the slope stability analysis of GeoSlope and resulted
in a factor of safety of 4.026, using the same Morgenstern-Price analysis method that was also
used to analyze the existing levee. This exceeded the required minimum value of 1.5, making the
levee more than satisfactory against slope stability failure. A screenshot of the analysis can be
seen in the figure below.
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Figure 19. GeoSlope slope stability analysis of the horizontal levee design.

Following the slope stability analysis, a seepage analysis was performed. This created the
anticipated phreatic line, or flow of water through the levee, which can then be used to calculate
the exit gradient for the levee (Figure 19). After calculating the exit gradient, this was compared
against acceptable values. The exit gradient of the horizontal levee was found to be 0.174, below
the maximum allowable value of 0.5. Had this not been acceptable, remediation through use of a
toe drain would have been considered.
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Figure 20. Seepage analysis of the horizontal levee using GeoSlope.

Performing both the slope stability and seepage analysis using GeoSlope confirmed that
the horizontal levee design produced and the soil properties identified would provide sufficient
protection against all failure modes and that the new horizontal levee would protect the project
area from inundation due to failure.

Ethical Considerations
The purpose of this senior design project is to focus on the growing issue of rising tides
in Alameda County, specifically for a two mile stretch of coastline in Hayward. Due to the poor
condition of current levees and berms, many residents are at risk of flooding damage due to
future rising tides and storm events. Our goal is to design a way to mitigate this problem, most
likely with the design and careful alignment of a levee through the Hayward shoreline. This
alignment will be determined based on further analysis of the topography and geography of the
area.
This project will affect numerous parties. If no work is performed to mitigate flood risk,
residents living within the predicted flood zone created by rising tides in combination with a
storm would be displaced from their homes. Native animals and plants in this same flood risk
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area would be displaced as well. In addition, many industrial buildings, schools, and a few
hospitals are located within the predicted flood zone.
The only time the public will be negatively affected by this flood protection system is
during construction. Once the levee is built, it should have no effect on its surroundings except
for portions of the coast that are excluded from the boundaries of the new levee. There are major
environmental concerns that need to be addressed. The construction of levees results in a loss of
wetlands and inhibits tidal marshes and other coastal habitats from migrating landward, as they
would do naturally without a levee blocking the migration path.
There are three ethical issues that our group will need to be aware of and the first of those
is social justice. While working in Alameda County, we need to make sure we represent the
county well and make sure our proposed design best addresses the needs of the residents of the
flood risk area. If something is going to be done about this threat then it should be done with
great planning, and there should be reasons for why things are done certain ways. The money
for this project will be limited and this planning will go a long way in keeping the costs to a
minimum. It is also important to not greatly inconvenience one set of people just to help another
set of people. The second ethical issue is development versus environment. This plays a huge
role in the direction of the project because there are existing native tide pools and marshlands
that should not be destroyed when designing a new flood protection system. It is important to
take the marshes into careful consideration because marshes restore groundwater levels and can
store water for droughts that might come in the future. Marshes help prevent floods from doing
serious damage by taking some of the water and storing it for later use. There are also current
bike paths on existing levees that will need to be rerouted depending on where the new levee is
proposed. Long term sustainability is a final ethical concern when working on this design
project. Designing a robust levee system will be challenging in terms of constructability simply
due to the limited availability of soil. Consideration of sustainability will be a prime focus to this
project when considering alternatives for flood protection systems.

Construction Guidelines
During the design phase certain construction guidelines were assumed to be followed.
One of the assumptions was that compaction rate of the levee during construction needs to be at
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a minimum of ninety percent. The percentage of compaction plays a huge role in how strong the
soil is and what it will be able to withstand. Being that the levee material of the new horizontal
levee is a clay and one of the best ways to compact a cohesive soil is to use a sheepsfoot roller
due to its high contact pressure and its ability to knead the material, it needs to be specified that a
sheepsfoot roller is the equipment that is used to do the compacting. Compaction needs to be
done in lifts of ten to fourteen inches. If these construction guidelines are not followed properly
as specified than the soil strength will be altered and different than what was used in the design
of the horizontal levee. Therefore, the strength of the levee could potentially be altered and fail
easier than expected. This could prove to be extremely dangerous and put the public in serious
danger.

Limitations
This project did have certain limitations and prevented complete analysis. One of the
limitations was with the computer software program that was used, GeoSlope. This program was
extremely useful, however with the version that was provided there was a limitation of only three
soil types for each model. The three soil types that were most prevalent were chosen to represent
the group of material and placed into GeoSlope. Another limitation with GeoSlope was that it
could only analyze the levee in two dimensions. This forced the assumption that the geometry of
the levee to be the same throughout. Another limitation that was experience during the beginning
part of this project came with obtaining samples from the existing levee. Given the proper
equipment undisturbed samples could have been taken, which would have been ideal to measure
the soil properties. This would have required a boring rig, which due to the lack of funds and
time was not an option for this particular project at this time. This limitation meant we were only
able to collect a disturbed sample and try to preserve it as much as possible.

Future Directions
Due to the time constraint of this research some necessary factors were needed to be left
out and if this project is continued there is further analysis that needs to be done. All storm event
analysis was left out and will need to be considered. This includes wind, rain, and wave energy.
Another key factor that will need to be accounted for is seismic analysis. Due to fact that this
project is in California earthquakes are a major concern and the levee design will need to account
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for any possible earthquakes. Another necessary future direction would be to perform borings
that way there can be verification for the type of soil that is present at the existing levee. Two
other important future directions would be to create a financing and permitting plan. It is
important to know where the money will be coming from to carry out this project before the
project gets too far involved. Many different permits will be needed in order to perform this
project from start to finish. One example of a necessary permit is a construction permit. This
would allow the actual construction of the levee to take place and for the large machinery to be
used. Environmental permits will also be required. Without applying and being granted these
permits the project will not get very far.

32

References
California Department of Water Resources. Urban Levee Design Criteria. May 2012. Web.

Design and Construction of Levees. Washington: Dept. of the Army, Office of the Chief of
Engineers, 2000. U.S. Army Corps of Engineers. Web.

East Bay Regional Park District. Levee Construction Detail. Digital image. Web.

ESA PWA. Analysis of the Costs and Benefits of Using Tidal Marsh Restoration as a Sea Level
Rise Adaptation Strategy in San Francisco Bay. Tech. February 2013. Print.

Philip Williams & Associates, Ltd. Preliminary Study of the Effect of Sea Level Rise on the
Resources of the Hayward Shoreline. March 2010. Print.

URS Corporation. Sampling and Analysis Report for the Dredging/Excavation of Accumulated
Sediments at the Hayward Marsh. Tech. January 2014. Print.

33

Appendix A: United States Army Corps of Engineers Levee Design Guide

A

EM 1110-2-1913
30 April 2000

US Army Corps
of Engineers

ENGINEERING AND DESIGN

Design and Construction
of Levees

ENGINEER MANUAL

EM 1110-2-1913
30 Apr 2000

Table 1-1
Major and Minimum Requirements
Step

Procedure

1

Conduct geological study based on a thorough review of available data including analysis of aerial photographs. Initiate
preliminary subsurface explorations.

2

Analyze preliminary exploration data and from this analysis establish preliminary soil profiles, borrow locations, and
embankment sections.

3

Initiate final exploration to provide:
a. Additional information on soil profiles.
b. Undisturbed strengths of foundation materials.
c. More detailed information on borrow areas and other required excavations.

4

Using the information obtained in Step 3:
a. Determine both embankment and foundation soil parameters and refine preliminary sections where needed, noting all
possible problem areas.
b. Compute rough quantities of suitable material and refine borrow area locations.

5

Divide the entire levee into reaches of similar foundation conditions, embankment height, and fill material and assign a
typical trial section to each reach.

6

Analyze each trial section as needed for:
a. Underseepage and through seepage.
b. Slope stability.
c. Settlement.
d. Trafficability of the levee surface.

7

Design special treatment to preclude any problems as determined from Step 6. Determine surfacing requirements for the
levee based on its expected future use.

8

Based on the results of Step 7, establish final sections for each reach.

9

Compute final quantities needed; determine final borrow area locations.

10

Design embankment slope protection.

(4) The method of construction must also be considered. In the past levees have been built by methods
of compaction varying from none to carefully controlled compaction. The local economic situation also
affects the selection of a levee section. Traditionally, in areas of high property values, high land use, and
good foundation conditions, levees have been built with relatively steep slopes using controlled compaction,
while in areas of lower property values, poor foundations, or high rainfall during the construction season,
uncompacted or semicompacted levees with flatter slopes are more typical. This is evident by comparing
the steep slopes of levees along the industrialized Ohio River Valley with levees along the Lower Mississippi
River which have much broader sections with gentler slopes. Levees built with smaller sections and steeper
slopes generally require more comprehensive investigation and analysis than do levees with broad sections
and flatter slopes whose design is more empirical. Where rainfall and foundation conditions permit, the trend
in design of levees is toward sections with steeper slopes. Levee maintenance is another factor that often
has considerable influence on the selection of a levee section.
b. Levee types according to location. Levees are broadly classified according to the area they protect
as either urban or agricultural levees because of different requirements for each. As used in this manual,
urban and agricultural levees are defined as follows:
(1) Urban levees. Levees that provide protection from flooding in communities, including their
industrial, commercial, and residential facilities.
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(2) Agricultural levees. Levees that provide protection from flooding in lands used for agricultural
purposes.
c. Levee types according to use. Some of the more common terms used for levees serving a specific
purpose in connection with their overall purpose of flood protection are given in Table 1-2.
Table 1-2
Classification of Levees According to Use
Type

Definition

Mainline and
tributary levees

Levees that lie along a mainstream and its
tributaries, respectively.

Ring levees

Levees that completely encircle or “ring” an area subject to inundation from all directions.

Setback levees

Levees that are built landward of existing levees, usually because the existing levees have suffered distress or
are in some way being endangered, as by river migration.

Sublevees

Levees built for the purpose of underseepage control. Sublevees encircle areas behind the main levee which
are subject, during high-water stages, to high uplift pressures and possibly the development of sand boils.
They normally tie into the main levee, thus providing a basin that can be flooded during high-water stages,
thereby counterbalancing excess head beneath the top stratum within the basin. Sublevees are rarely
employed as the use of relief wells or seepage berms make them unnecessary except in emergencies.

Spur levees

Levees that project from the main levee and serve to protect the main levee from the erosive action of stream
currents. Spur levees are not true levees but training dikes.

d.

Causes of Levee Failures. The principal causes of levee failure are

(1) Overtopping.
(2) Surface erosion.
(3) Internal erosion (piping).
(4) Slides within the levee embankment or the foundation soils.
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Chapter 3
Laboratory Testing
3-1. General
a. Reference should be made to EM 1110-1-1906 for current soil testing procedures, and to EM 1110-21902 for applicability of the various shear strength tests in stability analyses.
b. Laboratory testing programs for levees will vary from minimal to extensive, depending on the nature
and importance of the project and on the foundation conditions, how well they are known, and whether
existing experience and correlations are applicable. Since shear and other tests to determine the engineering
properties of soils are expensive and time-consuming, testing programs generally consist of water content
and identification tests on most samples and shear, consolidation, and compaction tests only on representative samples of foundation and borrow materials. It is imperative to use all available data such as
geological and geophysical studies, when selecting representative samples for testing. Soil tests that may
be included in laboratory testing programs are listed in Table 3-1 for fine-grained cohesive soils and in
Table 3-2 for pervious soils, together with pertinent remarks on purposes and scope of testing.
Table 3-1
Laboratory Testing of Fine-Grained Cohesive Soils
Test

Remarks

Visual classification and water
content determinations

On all samples

Atterberg limits

On representative samples of foundation deposits for correlation with shear or consolidation
parameters, and borrow soils for comparison with natural water contents, or correlations with
optimum water content and maximum densities

Permeability

Not required; soils can be assumed to be essentially impervious in seepage analyses

Consolidation

Generally performed on undisturbed foundation samples only where:
a. Foundation clays are highly compressible
b. Foundations under high levees are somewhat compressible
c. Settlement of structures within levee systems must be accurately estimated
Not generally performed on levee fill; instead use allowances for settlement within levees based
on type of compaction. Sometimes satisfactory correlations of Atterberg limits with coefficient of
consolidation can be used. Compression index can usually be estimated from water content.

Compaction

a. Required only for compacted or semi-compacted levees
b. Where embankment is to be fully compacted, perform standard 25-blow compaction tests
c. Where embankment is to be semi-compacted, perform 15-blow compaction tests

Shear strength

a. Unconfined compression tests on saturated foundation clays without joints or slickensides
b. Q triaxial tests appropriate for foundation clays, as undrained strength generally governs
stability
c. R triaxial and S direct shear: Generally required only when levees are high and/or
foundations are weak, or at locations where structures exist in levees
d. Q, R, and S tests on fill materials compacted at appropriate water contents to densities
resulting from the expected field compaction effort
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Table 3-2
Laboratory Testing of Pervious Materials
Test

Remarks

Visual classification

Of all jar samples

In situ density
determinations

Of Shelby-tube samples of foundation sands where liquefaction susceptibility must be evaluated

Relative density

Maximum and minimum density tests should be performed in seismically active areas to
determine in situ relative densities of foundation sands and to establish density control of sand fills

Gradation

On representative foundation sands:
a. For correlating grain-size parameters with permeability or shear strength
b. For size and distribution classifications pertinent to liquefaction potential

Permeability

Not usually performed. Correlations of grain-size parameters with permeability or shear strength
used. Where underseepage problems are serious, best guidance obtained by field pumping tests

Consolidation

Not usually necessary as consolidation under load is insignificant and occurs rapidly

Shear strength

For loading conditions other than dynamic, drained shear strength is appropriate. Conservative
values of φ’ can be assumed based on S tests on similar soils. In seismically active areas, cyclic
triaxial tests may be performed

3-2. Classification and Water Content Determinations
After soil samples have been obtained in subsurface exploration of levee foundations and borrow areas, the
first and essential step is to make visual classifications and water content determinations on all samples
(except that water content determinations should not be made on clean sands and gravels). These samples
may be jar or bag samples obtained from test pits, disturbed or undisturbed drive samples, or auger samples.
Field descriptions, laboratory classifications, and water content values are used in preparing graphic representations of boring logs. After examining these data, samples of fine-grained soils are selected for Atterberg limits tests, and samples of coarse-grained soils for gradation tests.
Section I
Fine-Grained Soils
3-3. Use of Correlations
Comparisons of Atterberg limits values with natural water contents of foundation soils and use of the plasticity chart itself (Figure 3-1), together with split-spoon driving resistance, geological studies, and previous
experience often will indicate potentially weak and compressible fine-grained foundation strata and thus the
need for shear and perhaps consolidation tests. In some cases, in the design of low levees on familiar foundation deposits for example, correlations between Atterberg limits values and consolidation or shear strength
characteristics may be all that is necessary to evaluate these characteristics. Examples of correlations among
Atterberg limits values, natural water content, shear strength and consolidation characteristics are shown in
Figures 3-2 and 3-3. Correlations based on local soil types and which distinguish between normally and
overconsolidated conditions are preferable. Such correlations may also be used to reduce the number of tests
required for design of higher levees. As optimum water content may in some cases be correlated with Atterberg limits, comparisons of Atterberg limits and natural water contents of borrow soils as shown in
Figure 3-4 can indicate whether the borrow materials are suitable for obtaining adequate compaction.
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3-4. Shear Strength
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Figure 3-4. Comparisons of Atterberg limits and natural
water contents

Approximate shear strengths of fine-grained
cohesive soils can be rapidly determined on
undisturbed foundation samples, and occasionally on reasonably intact samples from disturbed
drive sampling, using simple devices such as the
pocket penetrometer, laboratory vane shear
device, or the miniature vane shear device (Torvane). To establish the reliability of these tests,
it is desirable to correlate them with unconfined
compression tests. Unconfined compression
tests are somewhat simpler to perform than Q
triaxial compression tests, but test results exhibit
more scatter. Unconfined compression tests are
appropriate primarily for testing saturated clays
which are not jointed or slickensided. Of the
triaxial compression tests, the Q test is the one
most commonly performed on foundation clays,
since the in situ undrained shear strength generally controls embankment design on such soils.
However, where embankments are high, stage
construction is being considered, or important
structures are located in a levee system, R
triaxial compression tests and S direct shear tests
should also be performed.

3-5. Consolidation

Consolidation tests are performed for those cases
listed in Table 3-1. In some locations correlations of liquid limit and natural water content with coefficient of consolidation, compression index, and
coefficient of secondary compression can be used satisfactorily for making estimates of consolidation of
foundation clays under load.

3-6. Permeability
Generally there is no need for laboratory permeability tests on fine-grained fill materials, nor on surface
clays overlying pervious foundation deposits. In underseepage analyses, simplifying assumptions must be
made relative to thickness and soil type of fine-grained surface blankets. Furthermore, animal burrows, root
channels, and other discontinuities in surface blankets can significantly affect the overall effective permeability. Therefore, an average value of the coefficient of permeability based on the dominant soil type
(Appendix B) is generally of sufficient accuracy for use in underseepage analyses, and laboratory tests are
not essential.

3-7. Compaction Tests
The type and number of compaction tests will be influenced by the method of construction and the variability
of available borrow materials. The types of compaction tests required are summarized in Table 3-1.
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Section II
Coarse-Grained Soils
3-8. Shear Strength
When coarse-grained soils contain few fines, the consolidated drained shear strength is appropriate for use
in all types of analyses. In most cases, conservative values of the angle of internal friction (φ) can be
assumed from correlations such as those shown in Figure 3-5, and no shear tests will be needed.
3-9. Permeability
To solve the problem of underseepage in levee foundations, reasonable estimates of permeability of pervious
foundation deposits are required. However, because of difficulty and expense in obtaining undisturbed
samples of sands and gravels, laboratory permeability tests are rarely performed on foundation sands.
Instead, field pumping tests or correlations such as that of Figure 3-5 developed between a grain-size
parameter (such as D10) and the coefficient of permeability, k , are generally utilized.
3-10. Density Testing of Pervious Fill
Maximum density tests on available pervious borrow materials should be performed in accordance with
ASTM D 4253 so that relative compaction requirements for pervious fills may be checked in the field when
required by the specification. Due to the inconsistencies in duplicating minimum densities (ASTM D 4254),
relative density may not be used. Factors such as (but not limited to) site specific materials, availability of
testing equipment and local practice may make it more practical to utilize methods other than ASTM D 4253
and ASTM D 4254 to control the degree of compaction of cohesionless material. The other methods used
include comparison of in-place density to either the maximum Proctor density or the maximum density
obtained by ASTM 4253 (if vibratory table is available).
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Chapter 6
Slope Design and Settlement
Section I
Embankment Stability
6-1. Embankment Geometry
a. Slopes. For levees of significant height or when there is concern about the adequacy of available
embankment materials or foundation conditions, embankment design requires detailed analysis. Low levees
and levees to be built of good material resting on proven foundations may not require extensive stability
analysis. For these cases, practical considerations such as type and ease of construction, maintenance,
seepage and slope protection criteria control the selection of levee slopes.
(1) Type of construction. Fully compacted levees generally enable the use of steeper slopes than those
of levees constructed by semicompacted or hydraulic means. In fact, space limitations in urban areas often
dictate minimum levee sections requiring select material and proper compaction to obtain a stable section.
(2) Ease of construction. A 1V on 2H slope is generally accepted as the steepest slope that can easily
be constructed and ensure stability of any riprap layers.
(3) Maintenance. A 1V on 3H slope is the steepest slope that can be conveniently traversed with
conventional mowing equipment and walked on during inspections.
(4) Seepage. For sand levees, a 1V on 5H landside slope is considered flat enough to prevent damage
from seepage exiting on the landside slope.
(5) Slope protection. Riverside slopes flatter than those required for stability may have to be specified
to provide protection from damage by wave action.
b. Final Levee Grade. In the past, freeboard was used to account for hydraulic, geotechnical,
construction, operation and maintenance uncertainties. The term and concept of freeboard to account for
these uncertainties is no longer used in the design of levee projects. The risk-based analysis directly
accounts for hydraulic uncertainties and establishes a nominal top of protection. Deterministic analysis using
physical properties of the foundation and embankment materials should be used to set the final levee grade
to account for settlement, shrinkage, cracking, geologic subsidence, and construction tolerances.
c. Crown width. The width of the levee crown depends primarily on roadway requirements and future
emergency needs. To provide access for normal maintenance operations and floodfighting operations,
minimum widths of 3.05 to 3.66 m (10 to 12 ft) are commonly used with wider turnaround areas provided
at specified intervals; these widths are about the minimum feasible for construction using modern heavy
earthmoving equipment and should always be used for safety concerns. Where the levee crown is to be used
as a higher class road, its width is usually established by the responsible agency.
6-2. Standard Levee Sections and Minimum Levee Section
a. Many districts have established standard levee-sections for particular levee systems, which have
proven satisfactory over the years for the general stream regime, foundation conditions prevailing in those
areas, and for soils available for levee construction. For a given levee system, several different standard
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sections may be established depending on the type of construction to be used (compacted, semicompacted,
uncompacted, or hydraulic fill). The use of standard sections is generally limited to levees of moderate
height (say less than 7.62 m (25 ft)) in reaches where there are no serious underseepage problems, weak
foundation soils, or undesirable borrow materials (very wet or very organic). In many cases the standard
levee section has more than the minimum allowable factor of safety relative to slope stability, its slopes
being established primarily on the basis of construction and maintenance considerations. Where high levees
or levees on foundations presenting special underseepage or stability problems are to be built, the uppermost
riverside and landside slopes of the levee are often the same as those of the standard section, with the lower
slopes flattened or stability berms provided as needed.
b. The adoption of standard levee sections does not imply that stability and underseepage analyses are
not made. However, when borings for a new levee clearly demonstrate foundation and borrow conditions
similar to those at existing levees, such analyses may be very simple and made only to the extent necessary
to demonstrate unquestioned levee stability. In addition to being used in levee design, the standard levee
sections are applicable to initial cost estimate, emergency and maintenance repairs.
c. The minimum levee section shall have a crown width of at least 3.05 m (10 ft) and a side slope flatter
than or equal to 1V on 2H, regardless of the levee height or the possibly less requirements indicated in the
results of stability and seepage analyses. The required dimensions of the minimum levee section is to
provide an access road for flood-fighting, maintenance, inspection and for general safety conditions.
6-3. Effects of Fill Characteristics and Compaction
a. Compacted fills. The types of compaction, water content control, and fill materials govern the
steepness of levee slopes from the stability aspect if foundations have adequate strength. Where foundations
are weak and compressible, high quality fill construction is not justified, since these foundations can support
only levees with flat slopes. In such cases uncompacted or semicompacted fill, as defined in paragraph 1-5,
is appropriate. Semicompacted fill is also used where fine-grained borrow soils are considerably wet of
optimum or in construction of very low levees where other considerations dictate flatter levee slopes than
needed for stability. Uncompacted fill is generally used where the only available borrow is very wet and
frequently has high organic content and where rainfall is very high during the construction season. When
foundations have adequate strength and where space is limited in urban areas both with respect to quantity
of borrow and levee geometry, compacted levee fill construction by earth dam procedures is frequently
selected. This involves the use of select material, water content control, and compaction procedures as
described in paragraph 1-5.
b. Hydraulic Fill. Hydraulic fill consists mostly of pervious sands built with one or two end-discharge
or bottom-discharging pipes. Tracked or rubber-tired dozers or front-end loaders are used to move the sand
to shape the embankment slopes. Because a levee constructed of hydraulic fill would be very pervious and
have a low density, it would require a large levee footprint and would be susceptible to soil liquefaction.
Hydraulic fill would also quickly erode upon overtopping or where an impervious covering was penetrated.
For these reasons, hydraulic fill may be used for stability berms, pit fills and seepage berms but shall not
normally be used in constructing levee embankments. However, hydraulic fill may be used for levees
protecting agricultural areas whose failure would not endanger human life and for zoned embankments that
include impervious seepage barriers.
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Table 6-1a
Summary of Design Conditions
Analysis Condition
During and End-ofConstruction

Shear Strengtha

Pore Water Pressure

Free draining soils - use effective
stresses

Free draining soils - Pore water pressures can be estimated using
analytical techniques such as hydrostatic pressure computations for
no flow or steady seepage analysis techniques (flow nets, finite
element analyses or finite difference analyses).

Low permeability soils - use
undrained strengths and total
stressesb

Low permeability soils - Total stresses are used; pore water
pressures are set to zero in the slope stability computations.

Steady State
Seepage Conditions

Use effective stresses. Residual
strengths should be used where
previous shear deformation or
sliding has occurred.

Estimated from field measurements of pore water pressures,
hydrostatic pressure computations for no flow conditions, or steady
seepage analysis techniques (flow nets, finite element analyses or
finite difference analyses).

Sudden Drawdown
Conditions

Free draining soils - use effective
stresses

Free draining soils - First stage computations (before drawdown) steady-state seepage pore pressures as described for steady state
seepage condition. Second and third stage computations (after
drawdown) - pore water pressures estimated using same
techniques as for steady seepage, except with lowered water
levels.

Low permeability soils - Three stage
computations: First stage use
effective stresses; second stage
use undrained shear strengths and
total stresses; third stage use
drained strengths (effective
stresses) or undrained strengths
(total stresses) depending on which
strength is lower - this will vary
along the assumed shear surface.

Low permeability soils - First stage computations - steady-state
seepage pore pressures as described for steady state seepage
condition.
Second stage computations - Total stresses are used pore water
pressures are set to zero.
Third stage computations - Use same pore pressures as free
draining soils if drained strengths are being used; where undrained
strengths are used pore water pressures are set to zero.

a

Effective stress parameters can be obtained from consolidated-drained (CD, S) tests (either direct shear or triaxial) or consolidatedundrained (CU, R) triaxial tests on saturated specimens with pore water pressure measurements. Direct shear or Bromhead ring shear
tests should be used to measure residual strengths. Undrained strengths can be obtained from unconsolidated-undrained (UU, Q) tests.
Undrained shear strengths can also be estimated using consolidated-undrained (CU, R) tests on specimens consolidated to appropriate
stress conditions representative of field conditions; however, the “R” or “total stress” envelope and associated c and ö, from CU, R tests
should not be used.
b
For saturated soils use ö = 0; total stress envelope with ö > 0 is only applicable to partially saturated soils.

6-6. Minimum Acceptable Factors of Safety
The minimum required safety factors for the preceding design conditions along with the portion of the
embankment for which analyses are required and applicable shear test data are shown in Table 6-1b.
6-7. Measures to Increase Stability
Means for improving weak and compressible foundations to enable stable embankments to be constructed
thereon are discussed in Chapter 7. Methods of improving embankment stability by changes in embankment
section are presented in the following paragraphs.
a. Flatten embankment slopes. Flattening embankment slopes will usually increase the stability of an
embankment against a shallow foundation type failure that takes place entirely within the embankment.
Flattening embankment slopes reduces gravity forces tending to cause failure, and increases the length of
potential failure surfaces (and therefore increases resistance to sliding).
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Table 6-1b
Minimum Factors of Safety - Levee Slope Stability

Type of Slope
New Levees
Existing Levees
Other Embankments and dikesd

Applicable Stability Conditions and Required Factors of Safety
End-ofLong-Term
Construction
(Steady Seepage)
Rapid Drawdown a

Earthquakeb

1.3

1.4

1.0 to 1.2

(see below)

--

1.4c

1.0 to 1.2

(see below)

1.3e,f

1.4c,f

1.0 to 1.2f

(see below)

a

Sudden drawdown analyses. F. S. = 1.0 applies to pool levels prior to drawdown for conditions where these water levels are
unlikely to persist for long periods preceding drawdown. F. S. = 1.2 applies to pool level, likely to persist for long periods prior to
drawdown.
b
See ER 1110-2-1806 for guidance. An EM for seismic stability analysis is under preparation.
c
For existing slopes where either sliding or large deformation have occurred previously and back analyses have been performed to
establish design shear strengths lower factors of safety may be used. In such cases probabilistic analyses may be useful in
supporting the use of lower factors of safety for design.
d
Includes slopes which are part of cofferdams, retention dikes, stockpiles, navigation channels, breakwater, river banks, and
excavation slopes.
e
Temporary excavated slopes are sometimes designed for only short-term stability with the knowledge that long-term stability is
not adequate. In such cases higher factors of safety may be required for end-of-construction to ensure stability during the time the
excavation is to remain open. Special care is required in design of temporary slopes, which do not have adequate stability for the
long-term (steady seepage) condition.
f
Lower factors of safety may be appropriate when the consequences of failure in terms of safety, environmental damage and
economic losses are small.

b. Stability berms. Berms essentially provide the same effect as flattening embankment slopes but are
generally more effective because of concentrating additional weight where it is needed most and by forcing
a substantial increase in the failure path. Thus, berms can be an effective means of stabilization not only for
shallow foundation and embankment type failures but for more deep-seated foundation failures as well.
Berm thickness and width should be determined from stability analyses and the length should be great
enough to encompass the entire problem area, the extent of which is determined from the soil profile.
Foundation failures are normally preceded by lateral displacement of material beneath the embankment toe
and by noticeable heave of material just beyond the toe. When such a condition is noticed, berms are often
used as an emergency measure to stabilize the embankment and prevent further movement.
6-8. Surface Slides
Experience indicates that shallow slides may occur in levee slopes after heavy rainfall. Failure generally
occurs in very plastic clay slopes. They are probably the result of shrinkage during dry weather and moisture
gain during wet weather with a resulting loss in shear strength due to a net increase in water content, plus
additional driving force from water in cracks. These failures require maintenance and could be eliminated
or reduced in frequency by using less plastic soils near the surface of the slopes or by chemical stabilization
of the surface soils.
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III. Uncompacted

II. Semicompacted

Specification of:

I. Compacted

b. Hydraulic fill by dredge, often from channel
excavation.

a. Fill cast or dumped in place in thick layers with
little or no spreading or compaction.

Compaction of fill materials at their natural water
content (i.e., no water content control). Borrow
materials known to be too wet would require some
drying before placement. Placed in thicker lifts than
Category I (about 304.8 mm (12 in.)) and compacted
either by controlled movement of hauling and spreading
equip ment or by fewer passes of sheepsfoot or rubbertired rollers. Compaction evaluated relative to 15-blow
compaction test.

e. Minimum required density

d. Number of passes to attain a given percent
compaction based on standard maximum density

c. Compaction equipment (sheepsfoot or rubbertired rollers)

b. Loose lift thickness (152.4 mm to 228.6 mm
(6-9 in.))

a. Water content range with respect to standard
effort optimum water content

Construction Method

Category

Levees infrequently constructed today using methoda except for
temporary emergency. Both methods are used for construction
of stability berms, pit fills and seepage berms.

d. Water content of borrow materials or amount of rainfall during
construction season is such as not to justify Category I
compaction.

c. Underseepage conditions are such as to required wider
embankment base than is provided by Category I construction.

b. Relatively weak foundations could not support steep-sloped
Category I embankments.

a. There are no severe space limitations and steep-sloped
Category I embankments are not required.

The most common type of levee construction used in reaches
where:

Used where field inspection is not constant throughout the project.

Requires strong foundation of low compressibility and availability of
borrow materials with natural water contents reasonably close to
specified ranges.

Provides embankment section occupying minimum space. Provides
strong embankments of low compressibility needed adjacent to
concrete structures or forming parts of highway systems.

Use

Table 7-1
Classification According to Construction Method of Levees Composed of Impervious and Semipervious Materials
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Urban Levee Design Criteria

for narrowing the crown width as well as possibly exposing permeable
layers within the embankment. Past performance of the levee under similar
drawdown conditions should be examined. Slopes steeper than 3h: 1v
should be closely reviewed for stability. Sound engineering judgment and
guidance from USACE design manuals should be used.

7.5

Underseepage for Intermittently Loaded
Levees

Levee underseepage criteria for intermittently loaded levees are as follows:
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•

The underseepage exit gradient for levees is required to be 0.5 or less at
the landside levee toe using a steady-state seepage analysis for a water
surface set at the DWSE. For levees with a landside blanket layer with
a saturated unit weight less than 112 pounds per cubic foot (pcf), a
minimum factor of safety for underseepage of 1.6 is required at the
landside levee toe.

•

The underseepage exit gradient is required to be 0.8 or less at the toe of
a seepage berm less than 300 feet wide using steady-state seepage
analysis for a water surface set at the DWSE. If the saturated unit
weight of the blanket layer is less than 112 pcf, a minimum factor of
safety for underseepage of 1.0 is required at the toe of the seepage
berm.

•

Sound engineering judgment should be applied where the DWSE
results in an elevated seepage gradient beyond the toe of a 300-footwide seepage berm (i.e., greater than 0.8 or a factor of safety of less
than 1.0 for blanket layer soils with saturated unit weight of less than
112 pcf). Factors that should be included in the engineering judgment
include:
-

Performance history of the levee reach based on a review of
whether heavy seepage/boils have previously been reported in the
vicinity

-

Site-specific geomorphic conditions or surficial geologic conditions
that could exacerbate or concentrate seepage by construction of an
undrained seepage berm

-

Geophysical data, if available, that indicates anomalous subsurface
conditions may be present

May 2012

7.0 Urban Levee Design Criteria

-

•

Variability of subsurface conditions along the levee reach based on
site-specific explorations that confirm blanket layer conditions
along the toe of the proposed seepage berm

Before a computed seepage gradient above 0.8 for the DWSE should be
allowed beyond the toe of a 300-foot-wide seepage berm, a sensitivity
analysis of the seepage model should be performed. This sensitivity
analysis should include:
-

Consideration of model boundary conditions

-

Variations in assumed layer permeability/anisotropy

-

Presence of highly permeable underlying layers that may affect the
ability to flood fight the condition

-

Empirical relationships such as the creep ratio

•

Where a seepage berm is needed, the required minimum berm width is
four times the levee height.

•

The allowable underseepage exit gradient through the combined
seepage berm/blanket layer between the levee toe and the seepage berm
toe for a water surface set at the DWSE is determined by interpolation,
using 0.5 at the levee toe and 0.8 at the seepage berm toe. The
evaluation is to be done throughout the seepage berm, paying close
attention to areas where the blanket layer is thinnest. If the saturated
unit weight of either the blanket layer or seepage berm material is less
than 112 pcf, the minimum factor of safety for underseepage through
the combined seepage berm/blanket layer is 1.6 at the levee toe and 1.0
at the seepage berm toe, with linear interpolation applying between.

•

In order for the levees to be more resilient for higher water levels up to
the HTOL, the following criteria apply (if the HTOL is more than
0.5 foot above the DWSE – otherwise a separate seepage analysis with
the HTOL is not required):
-

The underseepage exit gradient at the landside levee toe is required
to be 0.6 or less through the combined seepage berm/blanket layer
using a steady-state seepage analysis for a water surface set at the
HTOL. If the saturated unit weight of either the blanket layer or
seepage berm material is less than 112 pcf, the minimum factor of
safety for underseepage through the combined seepage
berm/blanket layer is required to be 1.3 at the levee toe.

May 2012
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-

For seepage berms less than 300 feet wide designed to have a
maximum 0.8 underseepage exit gradient at the berm toe for the
DWSE, steady-state analyses using water surfaces set at the HTOL
will be expected to yield higher gradients and lower factors of
safety. In some cases seepage calculations may indicate a factor of
safety of less than 1.0. This by itself does not necessarily indicate a
lack of resiliency of the levee system as the berm toe is generally a
distance of at least four times the levee height from the levee itself.
Seepage berms should be able to experience some repairable
foundation damage from boils for a limited period during an
extreme event without seriously compromising the integrity of the
levee. This would be expected to be particularly true for berms
wider than 100 feet or so. To meet criteria regarding HTOL
resiliency while using seepage berms, sound engineering judgment
should be used to evaluate if the safety of the levee would be
compromised with elevated seepage exit gradients beyond the berm
toe. Factors to consider in this assessment should include:
o Width and thickness of berm and distance from landside levee
toe
o Thickness and composition of the blanket layer
o Thickness and characteristics of pervious stratum beneath
blanket layer and berm. Extreme caution should be used if thick
deposits of relatively clean sands, gravels, or cobbles are present
immediately beneath the blanket layer.
o Duration of the hydrograph corresponding to the HTOL
o Conservatism of the analysis
o Exit gradient and factor of safety calculated at both the landside
levee toe and at the berm toe for the DWSE
o Magnitude of increase in average exit gradient, or decrease in
factor of safety, at berm toe for the HTOL water surface
compared to values obtained using the DWSE. In general, if the
berm is less than 100 feet wide, for steady-state seepage at the
HTOL the allowable exit gradient may increase by up to
20 percent (as compared to the DWSE). For blanket layer soils
with a saturated unit weight of less than 112 pcf, if the berm is
less than 100 feet wide, for steady-state seepage at the HTOL
the allowable factor of safety for underseepage may not
decrease by more than 10 percent (as compared to the DWSE).
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•

Underseepage exit gradient and factor of safety criteria also apply
within a ditch, canal, or depression near either the levee toe or seepage
berm toe. The following requirements relate to the evaluation of
underseepage in ditches, canals, and depressions:
-

Gradient calculations must be performed assuming that the water
level in the ditch, canal, or depression is at the bottom of the ditch,
canal, or depression, unless it can be assured that the ditch, canal, or
depression would be filled or partially filled.

-

For cases where the ditch, canal, or depression is expected to
contain water, sound engineering judgment must be exercised
regarding the margin of safety being provided, the ability to observe
seepage distress through the water, and the ability to flood-fight
should a boil develop. Where either of these abilities is in doubt,
lower allowable gradients and higher minimum factors of safety
should be provided to mitigate for these limitations. Actual field
performance during high water should be used to verify that a boil,
should it develop, would likely be observable.

-

Following USACE procedures, for steady-state seepage at the
DWSE, the maximum allowable exit gradients in a ditch, canal, or
depression are 0.5 at the levee toe and 0.8 at 150 feet from the levee
toe and beyond (up to 300 feet), with linear interpolation applying
between the levee toe and 150 feet. For blanket layer soils with
saturated unit weights of 112 pcf or less, the required minimum
underseepage factors of safety are 1.6 at the levee toe and 1.0 at a
distance of 150 feet and beyond, with linear interpolation applying
between the levee toe and 150 feet. If the underseepage exit
gradient in a ditch, canal, or depression at least 300 feet from the
levee toe exceeds 0.8, or if the factor of safety calculated is less
than 1.0 for low saturated unit weights of the blanket layer, sound
engineering judgment should be applied in deciding whether the
design is acceptable.

-

For steady-state seepage at the HTOL (if the HTOL is more than
0.5 foot above the DWSE – otherwise a separate seepage analysis
with the HTOL is not required), the maximum allowable exit
gradient in the ditch, canal, or depression is 0.6 at the levee toe.
Gradients beyond the toe are allowed up to 20 percent higher than
the maximum allowable exit gradients specified above for the
DWSE for the same distance from the levee toe. For blanket layer
soils with saturated unit weights of 112 pcf or less, the minimum
factors of safety are allowed to be 10 percent lower than the
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minimum underseepage factors of safety specified above for the
DWSE for the same distance beyond the levee toe.
Instrumentation should also be included at the toe of the seepage berm as
part of the remedial construction to measure actual piezometric conditions
during elevated river stage conditions and compare to seepage model
results. Further, the berm design should be expandable with sufficient
space to either extend the berm footprint or install relief wells at the berm
toe if it is deemed necessary in the future.
Notes:
•

In calculating the factor of safety for underseepage, the following
equations apply:
FS = ic/ie
ic = (γs – γw)/γw
where:
FS = Factor of Safety
ic = critical gradient
ie = calculated exit gradient
γs = saturated unit weight of soil (blanket layer)
γw = unit weight of water (62.4 pcf)

•

7.6

If relief wells are constructed for seepage control, exit gradient
criteria and factors of safety for underseepage must be achieved
midway between relief wells.

Frequently Loaded Levees

USACE’s EM 1110-2-1913 states the following:
Embankments that are subject to water loading for prolonged
periods (longer than normal flood protection requirements) or
permanently should be designed in accordance with earth dam
criteria rather than the levee criteria given herein.
To make USACE guidance more specific, a frequently loaded levee is
defined as a levee that experiences a water surface elevation of 1 foot or
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Atterberg Limits Worksheet
(Liquid & Plastic Limits)
ASTM D4318
Project I.D.

Hayward Shoreline Levee Design

Project Description

n/a

Certified Tester Name Samuel Beering, Caleb Young, Karissa Canonizado
Test Date

1/21/2015

Description of Sample Brown, organic smell, stiff
Liquid Limit (AASHTO T 89)
Test 1

Test 2

Test 3

Test 4

1

2

3

X

Mass of Empty Container (grams)

11.46

11.85

11.28

X

Mass of Wet Soil + Container (grams)

17.87

18.42

19.15

X

Mass of Dry Soil + Container (grams)

15.42

15.87

16.08

X

Container I.D.

Mass of Water (grams)

2.45

2.55

3.07

X

Mass of Dry Soil (grams)

3.96

4.02

4.8

X

% Moisture
No. of Blows

61.87
24

63.43
19

63.96
16

X
X

Liquid Limit from Flow Curve

62

Plastic Limit (AASHTO T 90)
Container I.D.
Mass of Empty Container (grams)

13.55

Mass of Wet Soil + Container (grams)

30.69

Mass of Dry Soil + Container (grams)

26.02

Mass of Water (grams)

4.67

Mass of Dry Soil (grams)

12.47

% Moisture

37.45

Plastic Limit

22

Plasticity Index (Liquid Limit ‐ Plastic Limit)

40
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Unconfined Compression Test
ASTM D2166
Project I.D.

Hayward Shoreline Levee Design

Project Description

n/a

Certified Tester Name Samuel Beering, Caleb Young, Karissa Canonizado
Test Date

1/24/2015

Description of Sample Original compaction and moisture content

Test Measurements
Sample I.D.
Diameter (inches)

2.74

Soil Height (inches)

4.15

Area (square feet)

0.04

Maximum Needle Movement

85

Maximum Load (lbs)

9.92

Unconfined Compressive Strenght (psf)

242

Unconfined Compression Test
ASTM D2166
Project I.D.

Hayward Shoreline Levee Design

Project Description

n/a

Certified Tester Name Samuel Beering, Caleb Young, Karissa Canonizado
Test Date

1/24/2015

Description of Sample At 90% compaction effort

Test Measurements
Sample I.D.
Diameter (inches)

2.72

Soil Height (inches)

4.05

Area (square feet)

0.04

Maximum Needle Movement
Maximum Load (lbs)

Unconfined Compressive Strenght (psf)

85
12.15

301
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Standard Compaction Test
ASTM D698
Project I.D.

Hayward Shoreline Levee Design

Certified Tester Name Samuel Beering, Caleb Young, Karissa Canonizado
Test Date

3/16/2015
Test 1

Test 2

Test 3

Test 4

Test 5

Test 6

1

2

3

4

5

6

Mass of Empty Container (grams)

13.67

15.46

15.76

26.03

28.59

13.63

Mass of Wet Soil + Container (grams)

37.31

61.75

65.39

72.76

64.36

75.82

Mass of Dry Soil + Container (grams)

35

56.02

56.72

61.95

55.32

58.19

Container I.D.

Mass of Water (grams)

2.31

5.73

8.67

10.81

9.04

17.63

Mass of Dry Soil (grams)

21.33

40.56

40.96

35.92

26.73

44.56

% Moisture

10.83

14.13

21.17

30.09

33.82

39.56

Empty Container (grams)
Container + Compacted Soil (grams)
Empty Container (lbs)
Container + Compacted Soil (lbs)
Moist Soil Mass (lbs)
Moist Density (pcf)
Dry Density (pcf)

2001.48
3388.18
4.41
7.47
3.06
91.71
82.75

Volume of Device (cf)

2001.48
3527.04
4.41
7.78
3.36
100.90
88.41

2001.48
3653.89
4.41
8.06
3.64
109.29
90.20

0.033

2001.48
3644.59
4.41
8.03
3.62
108.67
83.53

Max Density
MC

2000.71
3641.61
4.41
8.03
3.62
108.53
81.10

2000.71
3666.33
4.41
8.08
3.67
110.16
78.93

90.9 pcf
19.3 %

92.00
90.00

y = 0.0031x3 ‐ 0.2657x2 + 6.7827x + 36.709
R² = 0.9973

88.00
86.00
84.00
82.00
80.00
78.00
0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00
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1. INTRODUCTION AND PURPOSE
The Hayward focus area was selected as a focus area for more detailed sea level rise (SLR)
exposure analysis and adaptation strategy development as part of the current Metropolitan
Transportation Commission (MTC) Climate Adaptation Pilot Study. Under the precursor MTC
Vulnerability and Risk Assessment Project (BCDC et al. 2011), this area was shown to be vulnerable
to inundation by SLR and coastal storm surge that could impact critical transportation assets and
other adjacent assets that support the region, as identified by the Project Management Team (PMT).
The purpose of this memorandum is to identify the key areas of vulnerability that exist within the focus
area and assess the sources, mechanisms, and timing of inland inundation and flooding to inform the
development of adaptation strategies.
This technical memorandum should be considered in tandem with other ongoing work by the San
Francisco Bay Conservation and Development Commission (BCDC) and Alameda County Flood
Control and Water Conservation District (ACFCWCD) to better understand SLR, storm surge, and
shoreline vulnerabilities in Alameda County. The following sections provide a description of the
Hayward Focus Area (Section 2), an assessment of exposure to inundation and flooding (Section 3),
identification of key areas of vulnerability (Section 4), recommendations for timing of adaptation
measures (Section 5), proposed adaptation measures (Section 6) and conclusions (Section 7).
2. FOCUS AREA DESCRIPTION
The Hayward focus area is located between Sulphur Creek and Alameda Creek along the eastern
shoreline of San Francisco Bay (Bay) (Figure 1). The focus area includes a significant portion of the
Hayward Regional Shoreline and Eden Landing Ecological Reserve as well as the San MateoHayward Bridge touchdown. The shoreline of this focus area is comprised of a complex of fully tidal,
muted tidal, and managed marshes and ponds. Bayfront and internal non-engineered berms separate
the marshes, ponds, former oxidation ponds, and inland developed areas from direct exposure to the
Bay (except for Cogswell Marsh and South Eden Landing Ecological Reserve, which have a natural
marsh edge). This system of structural and natural shorelines acts as a buffer that reduces the risk of
coastal flood hazard impacts on inland developments. The non-engineered berms were created from

Bay mud and fill, and although these structures are not certified or accredited flood protection
1
structures , they do provide some level of flood protection and reduce wave hazards as they reach
inland areas. Some of the berms also have integrated recreational trails that are part of the San
Francisco Bay Trail system. The inland areas protected by the shoreline are primarily industrial land
uses, with some small areas of residential and commercial uses. As shown on Figure 1, important
assets in this focus area in addition to the San Mateo-Hayward Bridge touchdown include California
State Route (SR) 92 (Area A), the Hayward Shoreline Interpretive Center, the Old West Winton
Landfills (near Area B), and the City of Hayward Water Pollution Control Facility (Area H).
The fully tidal and muted tidal marshes experience regular tidal inundation under existing conditions.
Managed marshes and ponds in the focus area have been engineered with water control structures
(e.g., culverts, weirs, and tide gates) to control tidal flow. For the Hayward Marsh, which receives
secondarily treated wastewater from Union Sanitary District, the water control structures assist in
improving water quality prior to discharge to the Bay. Most of the shoreline in the focus area is
protected to some degree by engineered protection (rock and rubble) except, most notably, in the
southern extent of the focus area within the Eden Landing Ecological Reserve and in the northern
extent along Cogswell Marsh.
The AECOM team performed a site visit on May 17, 2014. Visual inspection of shoreline protection
structures, tide control structures, and assets was performed along the shoreline north of the San
Mateo Bridge touchdown. See Attachment A for site visit photos.

1

Flood protection structures can be certified by the United States Army Corps of Engineers and/or accredited by
the Federal Emergency Management Agency for providing protection from the 100-year (1% annual chance)
flood event
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3. INUNDATION AND FLOODING EXPOSURE
In the discussion that follows, a clear distinction is made between the terms inundation and flooding.
Permanent inundation occurs when an area is exposed to regular daily tidal inundation. A
permanently inundated area can no longer be used in the same way as an inland area due to the
frequency of its exposure to sea water. In contrast, flooding occurs when an area is exposed to
episodic, short duration, extreme tide events of greater magnitude than normal tide levels. Inland
areas may be temporarily flooded during an extreme tidal event while maintaining at least a portion of
their functionality once the floodwaters recede. However, sensitive assets may suffer irreversible
damage if exposed to any amount of water, even temporarily. The term flooding, as it is used
throughout this memorandum, is therefore a temporary inundation condition that results from a storm
event rather than the permanent inundation due to daily high tides.
To assess portions of the shoreline that are exposed to inundation and flooding within the Hayward
focus area, six sea level rise and inundation mapping scenarios were examined (Table 1). Inundation
maps were created for each of the scenarios using the methodology developed by the National
Oceanic and Atmospheric Administration (NOAA) Coastal Services Center (Marcy et al. 2011). The
scenarios were developed by adding different amounts of SLR onto the elevation of the existing
conditions daily high tide level (represented by the Mean Higher High Water (MHHW) tide). The
MHHW reference water levels used in this analysis were derived from MIKE21 model output from a
regional San Francisco Bay modeling study completed as part of the Federal Emergency
2
Management Agency (FEMA) San Francisco Bay Area Coastal Study (DHI 2011). The modeling
study spanned a 31-year period from January 1, 1973 to December 31, 2003. The MHHW tidal datum
was calculated using the portion of the model output time series corresponding to the most recent
National Tidal Datum Epoch (1983 through 2001), which is a specific 19-year period adopted by
NOAA to compute tidal datums.
In accordance with the most up-to-date SLR projections from the National Research Council (NRC,
2012), the following scenarios were evaluated for the present study: 12-inch, 24-inch, 36-inch, and
48-inch above MHHW. In addition to these scenarios, 72-inch and 96-inch above MHHW were also
evaluated, but these water levels are outside the range of current scientific predictions for SLR and,
therefore, do not correspond with permanent inundation scenarios that are likely to occur before 2100
(NRC, 2012). These scenarios are included to evaluate important extreme flooding scenarios that
could happen during storm surge events with lesser amounts of SLR. In general, though, the mapped
scenarios can occur due to SLR, storm surge, or a combination of the two.
Mapped scenarios are listed in Table 1. The inundation maps for this focus area were developed by
AECOM as a part of the Alameda County Sea Level Rise Shoreline Vulnerability Assessment for
BCDC and ACFCWCD and are shown in Attachment B. The maps show inundation areas and depths
as well as overtopping potential lines along the shoreline and the edges of the highway. “Overtopping
potential” refers to the condition where the water surface elevation associated with a particular
reference water level exceeds the elevation of the shoreline asset. The depth of overtopping potential
at each shoreline segment is calculated by taking an average of several depths over the length of the
segment.
2

www.r9coastal.org
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This assessment is considered a planning-level tool only, as it has some limitations. It does not
account for the physics of wave runup and overtopping. It also does not account for potential
vulnerabilities along the shoreline protection infrastructure that could result in complete failure of the
flood protection infrastructure through scour, undermining, or breach after the initial overtopping
occurs. The complex sediment transport processes of the managed marshes and ponds, in addition
to the flow that may occur through the water control structures, are not included in this assessment.
Marshes and ponds are assumed to maintain the elevations captured by the digital elevation model
3
(DEM) , neglecting possible deposition or erosion that is likely to take place.
Table 1. Sea Level Rise Inundation Mapping Scenarios

Mapping Scenario

Reference Water Level

Applicable Range for
Mapping Scenario
(Reference +/- 3
inches)

Scenario 1

MHHW + 12-inch

MHHW + 9 – 15 inch

Scenario 2

MHHW + 24-inch

MHHW + 21 – 27 inch

Scenario 3

MHHW + 36-inch

MHHW + 33 – 39 inch

Scenario 4

MHHW + 48-inch

MHHW + 45 – 51 inch

Scenario 5

MHHW + 72-inch

MHHW + 69 – 75 inch

Scenario 6

MHHW + 96-inch

MHHW + 93 – 99 inch

It is important to understand that the reference water levels listed for each mapping scenario can
occur due to a variety of hydrodynamic conditions by combining different amounts of SLR with either
4
a daily or extreme high tide. For example, Scenario 3 (MHHW + 36-inch) represents both a daily
high tide with 36 inches of SLR or a 50-year extreme tide with no sea level rise (i.e., existing
conditions). A +/- 3 inch tolerance was added to each reference water level to increase the applicable
range of the mapped scenarios. For example, Scenario 3 (MHHW + 36-inch) is assumed to be
representative of all extreme tide/SLR combinations that produce a water level in the range of MHHW
+ 33 inches to MHHW + 39 inches. By combining different amounts of SLR and extreme tide levels, a
matrix of water level scenarios was developed to identify the various combinations represented by
each inundation map.
The matrix of SLR and tide scenarios is presented in Table 2. Values are in shown in inches above
the existing conditions MHHW tidal level. The colors shown in Table 2 match the colors shown in
Table 1. The colors indicate the different combinations of SLR and extreme tide scenarios
represented by each inundation map. Note that Scenarios 5 and 6 correspond only to extreme tide
3

A 2-meter digital elevation model (DEM) was developed from the 2010 LiDAR data collected by the United
States Geological Survey (USGS) and National Oceanic Atmospheric Administration (NOAA) as part of the
California Coastal Mapping Program (CCMP)

4

Mean Higher High Water (MHHW) is used as a surrogate for the average daily high tide. MHHW is the average
of the higher high water level of each tidal day observed over the National Tidal Datum Epoch. It should be noted
that. The actual higher high tide that occurs on any given day will be higher or lower than MHHW. MHHW is
approximately 7.0 ft NAVD88 within this focus area.
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events as they are outside of the range of projections for probable SLR over the next century. The
first row of the table shows values for existing conditions. For example, to read Table 2, the
inundation map that represents MHHW + 36-inch (Scenario 3), would also represent a 1-yr event with
24 inches of SLR, a 2-yr event with 18 inches of SLR, a 5-yr event with 12 inches of SLR, etc.
Equivalent water levels for the MHHW + 12-inch, MHHW + 24-inch, MHHW + 36-inch, MHHW + 48inch, MHHW + 72-inch, and MHHW + 96-inch mapping scenarios can be determined similarly by
tracking the color coding through the table. To reinforce these relationships, “X-inch scenario” and
“MHHW + X-inch” will be used throughout this memorandum to refer to specific inundation maps and
mapped scenarios (e.g., “48-inch scenario” or “MHHW + 48-inch” instead of “48 inches of SLR”) since
the scenario can be associated with multiple combinations of sea level rise and extreme tide events.
Table 2 can also be used to plan for a particular level of risk. For example, to examine infrastructure
exposure to a 100-yr extreme tide event with an estimated 6 inches of SLR, the MHHW + 48-inch
mapping scenario could be examined. Using this approach, it is possible to assess flood risk to
assets at various time scales and frequency of flooding.
Table 2. Matrix of Water Levels Associated with Sea Level Rise and Extreme Tide Scenarios
Daily
Extreme Tide (Storm Surge)
Tide

Sea Level Rise
Scenario

Water
Level
above
MHHW

1-yr

2-yr

5-yr

10-yr

25-yr

50-yr

100-yr

Existing Conditions

0

15

20

24

27

32

36

41

MHHW + 6-inch

6

21

26

30

33

38

42

47

MHHW + 12-inch

12

27

32

36

39

44

48

53

MHHW + 18-inch

18

33

38

42

45

50

54

59

MHHW + 24-inch

24

39

44

48

51

56

60

65

MHHW + 30-inch

30

45

50

54

57

62

66

71

MHHW + 36-inch

36

51

56

60

63

68

72

77

MHHW + 42-inch

42

57

62

66

69

74

78

83

MHHW + 48-inch

48

63

68

72

75

80

84

89

MHHW + 54-inch

54

69

74

78

81

86

90

95

MHHW + 60-inch

60

75

80

84

87

92

96

101

Note: All values in inches above existing conditions MHHW at Hayward Focus Area. The extreme tide levels
above MHHW were derived from the FEMA MIKE 21 model output. Color coding indicates which combinations of
sea level rise and extreme tides are represented by the mapping scenarios shown in Table 1. Cells with no color
coding do not directly correspond to any of the mapping scenarios shown in Table 1.
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Critical inundation pathways connect shoreline inundation areas to the inland inundation areas,
providing the necessary hydraulic connectivity to convey flood waters to inland areas. Two critical
inundation pathways were identified within the Hayward focus area.
To facilitate understanding, the Hayward focus area has been subdivided into three regions based on
the flooding patterns within the focus area that occur with less than 36 inches of sea level rise (Figure
2): the area North of SR 92 (North); the area at and adjacent to SR 92 (SR 92); and the area South of
SR 92 (South). Results for areas north of SR 92 are presented in Section 4.2; results for areas
immediately adjacent to SR 92 are presented in Section 4.3; and results for areas south of SR 92 are
presented in Section 4.4.
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4.1 MANAGED MARSHES AND PONDS
There are eight distinct marsh areas or ponds within the Hayward focus area, and these areas are
typically separated by the network of internal and bayfront berms (Figure 3). The majority of this
system is part of the Hayward Regional Shoreline, with the exception of Eden Landing Ecological
Reserve, which is part of the Eden Landing system owned by the California Department of Fish and
Wildlife. Figure 3 shows the timing of inundation throughout the system and the critical segments that
will be overtopped, thereby inundating the adjacent area(s). Triangle Marsh, Cogswell Marsh, HARD
Marsh and Eden Landing Ecological Reserve are directly connected to the Bay by natural and/or
engineered inlets and are actively flooded under existing conditions. As expected, these areas are
5
inundated in the 12-inch scenario . In the 24-inch scenario, the internal berms surrounding HARD
Marsh are overtopped and inundate the Salt Marsh Harvest Mouse Preserve and Oliver Salt Ponds.
In the 36-inch scenario, the berm between Hayward Marsh and HARD Marsh is overtopped as well
as the berm between Cogswell Marsh and the Oxidation Ponds. All internal berms are overtopped in
the 72-inch scenario (which results in a level of inundation that could occur with 30 inches of SLR and
a 100-year storm surge event, as shown in Table 2) and the entire system is inundated. The eight
inundation areas are summarized below:
•

•

•
•

•
•

•

Triangle Marsh (Figure 3)
 Inundation first occurs at the 12-inch scenario with inundation depths of 0-6 feet
 Fully tidal under existing conditions
Cogswell Marsh (Figure 3)
 Inundation first occurs at the 12-inch scenario with inundation depths of 0-6 feet
 Fully tidal under existing conditions
Hayward Marsh (Figure 3)
 Inundation first occurs at the 36-inch scenario with inundation depths of 0-3 feet
HARD Marsh (Figure 3)
 Inundation first occurs at the 12-inch scenario with inundation depths of 0-6 feet
 Fully tidal under existing conditions
Oliver Salt Ponds (Figure 3)
 Inundation first occurs at the 24-inch scenario with inundation depths of 0-6 feet
Oxidation Ponds (Figure 3)
 Inundation first occurs in the south at the 36-inch scenario with inundation depths of
0-9 feet
 The entire area is inundated at the 48-inch scenario with inundation depths of 0-9
feet
Salt Marsh Harvest Mouse Preserve (Figure 3)
 Inundation first occurs at the 24-inch scenario with inundation depths of 0-6 feet

5

The sea level rise scenario when the site is first overtopped has been approximated based on the mapped sea
level rise inundation scenarios (e.g., 12”, 24”, 36”, 48”). The actual sea level rise scenario which results in
overtopping may be less than this amount (i.e., if the sea level rise scenario of first overtopping is 36 inches,
overtopping is first observed in this mapped scenario, but overtopping may occur as early as 25 inches). Refined
shoreline tools have been developed for this area that can estimate the overtopping threshold within 6 inch
increments, and these tools can be used for future updates to this assessment.
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•

Eden Landing Ecological Reserve (Figure 3)
 Partial inundation first occurs at the 12-inch scenario with inundation depths of 0-3
feet
 The entire area is inundated at the 24-inch scenario with inundation depths of 0-9
feet

4.2 NORTH OF SR 92
North of SR 92, the primary sources of inundation are from natural and engineered flood control
channels that are overtopped (Figure 4). One shoreline inundation area (Area B) was identified in this
region as well as two inland inundation areas (Areas G and H). Shoreline inundation areas are
presented in Section 4.2.1 and inland inundation areas are presented in Section 4.2.2.
4.2.1 SHORELINE INUNDATION AREAS
One shoreline inundation area (Area B) was identified in the region north of SR 92. Overtopping of
Zone 4 Line A flood control channel near the intersection of W Winton Avenue and Depot Road first
occurs at the 36-inch scenario and results in the exposure of inland assets located in Area G, as
summarized below:
•

Area B (Figure 4)
 Overtopping of the engineered flood control channels east of Triangle Marsh first
occurs at the 36-inch scenario with inundation depths of 0-3 feet
 W Winton Avenue is partially inundated from areas to the north and from overtopping
of the flood control channel to the south
 Industrial buildings and parking lots are partially inundated (Area G)

4.2.2 INLAND INUNDATION AREAS
Two inland inundation areas (Areas G and H) were identified in the region north of SR 92. Both are
inundated as a result of overtopped natural and engineered channels. Area G is inundated first at the
36-inch scenario due to overtopping at Area B. Area H is inundated at the 48-inch scenario when the
flood control channel east of the former oxidation ponds is overtopped at several places near Depot
Road. A summary of the inland inundation areas for this region is included below:
•

Area G (Figure 4)
 Mostly industrial and parking areas
 Inundation first occurs at the 36-inch scenario with depths of 0-3 feet
 Source of flooding is overtopped channels at Area B

•

Area H (Figure 4)
 Mostly industrial and parking areas
 Inundation first occurs at the 48-inch scenario with depths of 0-3 feet
 Source of flooding is overtopped natural and flood control channels east of the
oxidation ponds
 City of Hayward Water Pollution Control Facility is partially flooded at the 72-inch
scenario with depths of 0-3 feet
%11

Table 3. Timing of Inundation and Flooding for Inundation Areas within the Hayward Focus Area

Timing of Temporary Flooding from Extreme Tides (inches of SLR)

Area

Permanent
Inundation
Scenario
(inches of
SLR)

1-yr

2-yr

5-yr

10-yr

25-yr

50-yr

100-yr

Trangle Marsh, Cogswell
Marsh, HARD Marsh,
Eden Landing Ecological
Reserve South of Mt.
Eden Creek

+ 12

Existing

Existing

Existing

Existing

Existing

Existing

Existing

D, E, F, H, I, J, Oliver Salt
Ponds, Salt Marsh
Harvest Mouse Preserve,
Eden Landing Ecological
Reserve North of Mt.
Eden Creek

+ 24

+ 12

+6

Existing

Existing

Existing

Existing

Existing

B, G, Hayward Marsh,
Oxidation Ponds South

+ 36

+ 24

+ 18

+ 12

+6

+6

Existing

Existing

A, C, Oxidation Ponds
North

+ 48

+ 36

+ 30

+ 24

+ 24

+ 18

+ 12

+6

System-Wide

+ 72

+ 60

+ 54

+ 48

+ 42

+ 42

+ 36

+ 30

Note: Localized areas of shoreline flooding may occur at less extreme tides. The quoted levels of flood protection are based on a high-level examination of
the inundation maps and do not represent a rigorous assessment of existing or future flood risk.

%26

7. CONCLUSIONS
Ten key vulnerable areas were identified within the Hayward focus area (Figure 1). Four of these are
shoreline inundation areas, two are critical inundation pathways, and four are inland inundation areas.
The general hydraulic connections between the areas are presented in Figure 2. The threshold for
localized daily tidal inundation of shoreline and inland areas occurs at the MHHW + 24-inch scenario;
however, extreme tides (5-year or greater) already threaten assets immediately adjacent to the
shoreline under existing conditions. Daily tidal inundation of SR 92 (Area A) as well as extensive
inundation of the inland industrial developments occurs at the MHHW + 48-inch scenario; however,
extreme tides (50-year or greater) will threaten these areas in the future with just 6 inches to 12
inches of SLR. Hayward Shoreline Interpretive Center is first exposed to inundation at the 24-inch
scenario while the landfills near Triangle Marsh are not inundated in any of the mapped scenarios.
Overtopped non-engineered berms and wetland channels are the key sources of inundation for these
areas. Triangle Marsh, Cogswell Marsh, HARD Marsh, and Eden Landing Ecological Reserve south
of Mt. Eden Creek are exposed to daily tidal inundation at the 12-inch scenario. The Oliver Salt
Ponds, Salt Marsh Harvest Mouse Preserve, and the remainder of Eden Landing Ecological Reserve
are permanently inundated at the 24-inch scenario. Hayward Marsh is exposed to inundation at the
36-inch scenario and the oxidation ponds are completely inundated at the 48-inch scenario. This
assessment does not consider natural marsh processes such as marsh accretion, and the
topography of the area is assumed to remain constant over time. However, some of the marsh and
restoration areas may continue to accrete material and keep pace with sea level rise. If the marsh
areas are able to keep pace with sea level rise, they will continue to provide some level of flood
protection to the adjacent inland areas.
The earliest source of localized inundation within the Hayward focus area occurs when the banks of
the engineered or natural drainage channels overtop; as the internal pond berms begin to overtop,
system-wide inundation occurs. In the short term (0-6 inches of SLR), small-scale localized shoreline
adaptation measures may protect critical assets from flooding during extreme tides; however, over
the longer term (approximately 36 inches of SLR and greater), a large-scale integrated flood
protection strategy for the Hayward focus area will be required to prevent extensive flooding during
extreme tides.
Adaptation measures should consider the combined impact of coastal storm surge, waves, and
roadway drainage and runoff. The cumulative impacts of rainfall runoff storm events occurring during
periods of extreme tide levels were not considered in this analysis. Rainfall runoff events will further
exacerbate flooding in the watershed. In addition, rising groundwater tables, primarily associated with
static SLR, can impact flooding and drainage by reducing infiltration and sub-surface storage of
runoff. The existing highway drainage systems will become less effective over time, and the existing
drainage systems may become ineffective with higher levels of SLR. Consideration and evaluation of
these factors is recommended as a next step.
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Attachment B – Focus Area Inundation Maps
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Appendix H: Subsurface Soil Conditions Report
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Schaaf & Wheeler Consulting Civil Engineers
City of San Mateo Bayfront Levee Improvements
SITE

Seal Slough Levee
(WATERSIDE)

8633.000.000
September 4, 2009

CASE

MINIMUM FACTOR OF SAFETY

IV – Case I with Earthquake

For FS=1 and kh = 0.12g,
displacement = 0 to over 3 feet

I – End of Construction
(minimum FS = 1.3)
II – Sudden Drawdown
(minimum FS = 1.0)
III - Steady Seepage Full Flood
(minimum FS = 1.4)
IV – Case I with Earthquake

East End Levee
(LANDSIDE)

I – End of Construction
(minimum FS = 1.3)
II – Sudden Drawdown
(minimum FS = 1.0)
III - Steady Seepage Full Flood
(minimum FS = 1.4)
IV – Case I with Earthquake

East End Levee
(WATERSIDE)

I – End of Construction
(minimum FS = 1.3)
II – Sudden Drawdown
(minimum FS = 1.0)
III - Steady Seepage Full Flood
(minimum FS = 1.4)
IV – Case I with Earthquake

4.3.2

1.8
0.6
1.4
For FS=1 and kh = 0.12g,
displacement = 0 to over 3 feet
2.7
-1.8
For FS=1 and kh = 0.17g,
displacement = 0 to over 3 feet
3.0
1.1
2.1 to 2.7
For FS=1 and kh = 0.15g,
displacement = 0 to over 3 feet

Stability Analyses of Current Design

The criteria for our evaluation of steady-state seepage and slope stability analyses are based on
commonly accepted values currently being used by the US Army Corps of Engineers and State
of California Department of Water Resources for levee evaluations in California.
We have established a minimum factor of safety for static loading conditions (Case I) of 1.3 at
the end of construction; sudden drawdown (Case II) of 1.0; steady seepage under full flood
condition (Case III) of 1.4; and seismic conditions (pseudo-static method) (Case IV) of 1.1 with
a pseudo-static coefficient equal to 0.15g. This pseudo-static coefficient value has a long history
in geotechnical earthquake engineering literature and practice and is consistent with the level of
seismicity in this area.
Two cross-sections were evaluated at both the East End Levee and the Seal Slough Levee site.
The cross sections assume a 2:1 (horizontal:vertical) waterside slope gradient. In addition,
structural loads from the proposed floodwall are included in our model. We selected the
- 10 -

Schaaf & Wheeler Consulting Civil Engineers
City of San Mateo Bayfront Levee Improvements

8633.000.000
September 4, 2009

following strength parameters for the slope stability analyses based on borings performed near
the location of each cross-section. In developing the strength profile of the Young Bay Mud, we
reviewed current and previous laboratory testing results.
SLOPE STABILITY MODEL PARAMETERS
UNIT
WEIGHT

STRENGTH
TYPE

COHESIVE
STRENGTH

FRICTION
ANGLE

Engineered Fill
Existing Levee Fill
(above groundwater table)
Saturated Levee Fill and
Desiccated Bay Mud
Mixture

125

Mohr- Coulomb

50 psf

28 degrees

125

Mohr- Coulomb

0 psf

37 degrees

110

Mohr- Coulomb

600 to 1000
psf

0 degrees

Bay Mud

95

Alluvium

125

MATERIAL TYPE

Shear-Normal
Function
Mohr- Coulomb

τ/σ = 0.3
2000 psf

0 degrees

We understand that the 100-year tide elevation at East End Levee and Seal Slough Levee is
104.5 feet. Our slope stability analyses consider the worse case scenario where flood water
reaches the top of the design levee elevation (100-year tide elevation + 2 feet freeboard + wave
run-up). The analysis results presented in this document were obtained using the computer-aided
program SLIDE©.
A summary of the results of the static and pseudostatic slope stability evaluations is presented
below. Plots of the completed stability analyses are presented in Appendix D.
SUMMARY OF SLOPE STABILITY ANALYSES PERFORMED BY ENGEO
SITE

Seal Slough Levee
(LANDSIDE)

Seal Slough Levee
(WATERSIDE)

CASE

MINIMUM FACTOR OF SAFETY

I – End of Construction
(minimum FS = 1.3)
II – Sudden Drawdown
(minimum FS = 1.0)
III - Steady Seepage Full Flood
(minimum FS = 1.4)
IV – Case I with Earthquake
(minimum FS=1.1)
I – End of Construction
(minimum FS = 1.3)
II – Sudden Drawdown
(minimum FS = 1.0)
III - Steady Seepage Full Flood
(minimum FS = 1.4)
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1.8
-1.8
FS=1.2 with 0.15g
1.4
1.1
1.4

